Liver and pancreas initially develop by budding from the embryonic endoderm. The formation of these organs coincides with the appearance of endothelial cells (ECs) adjacent to the endoderm. ECs either develop in situ in organs, or are recruited by organs and are induced to form blood vessels. Recent reports on liver and pancreas have now shown that ECs also induce essential steps in organ formation such as morphogenesis and cell differentiation. This review summarizes reports on EC signaling during organogenesis and cell differentiation. q
Introduction
Organogenesis involves on-going cell differentiation and morphogenesis, starting in the embryo and continuing until birth, sometimes even adulthood. The importance of stepwise inductive events becomes apparent during liver and pancreas development (Fig. 1) .
During liver development, cardiac mesoderm initiates hepatic cell differentiation in ventral endoderm at E8.5 of mouse development (Douarin, 1975; Fukuda-Taira, 1981; Gualdi et al., 1996) . Mesenchymal cells of the septum transversum then separate cardiac mesoderm from ventral endoderm. When endothelial cells (ECs) surround liver endoderm at E9.5, hepatic cells are induced to migrate into the septum transversum (Matsumoto et al., 2001) where they intermingle and stay in contact with the ECs throughout development (Matsumoto et al., 2001 ). Thus, liver development is induced in a step-wise process that starts with signals from cardiac mesoderm and continues with EC signals.
The necessity of step-wise inductive events is also apparent during pancreas formation. Specification of the pancreas region begins as early as E7.5 in mouse development, when signals from mesoderm/ectoderm establish the anteriorposterior pattern of the endoderm (Wells and Melton, 2000) . The notochord, which contacts the dorsal endoderm until E8.5, initiates the expression of PDX1 (Kim et al., 1997; Lammert et al., 2001 ), a homeobox gene expressed specifically within the foregut endoderm, from which the pancreas develops (Jonsson et al., 1994; Offield et al., 1996) . The fusing dorsal aortae displace the notochord and initiate pancreatic budding and endocrine cell differentiation in the prepatterned dorsal endoderm (Lammert et al., 2001) . At E9.5, the dorsal aorta becomes separated from the endoderm by intervening splanchnic mesoderm, which initiates exocrine pancreatic morphogenesis (Miralles et al., 1998) . ECs, either as part of smaller vessels within the splanchnic mesoderm or large vessels such as the portal vein, continue to contact developing pancreatic endoderm (Lammert et al., 2001) .
During both liver and pancreas development, ECs contact the organ and drive its growth, morphogenesis and differentiation, immediately after organ specification (Fig. 1) . ECs are different from other inducers such as cardiac mesoderm or notochord in that they remain associated with the growing organ throughout development.
ECs in hepatic development
At E8.5 of mouse development, endodermal cells fated to give rise to liver begin to form a multi-layered epithelium. These cells then delaminate and migrate into the surrounding septum transversum mesoderm at E9.5. During these morphological changes, ECs surround liver endoderm and intermingle with delaminating liver cells ( Fig. 1) (Matsumoto et al., 2001) , thus raising the question whether ECs promote liver morphogenesis.
Two sets of experiments were undertaken to demonstrate a role of ECs in liver development (Matsumoto et al., 2001 ).
In one experiment, embryos and cultured hepatic explants from mice deficient for VEGFR2, the main signaling receptor for the vascular endothelial growth factor, VEGF-A, were shown to be arrested in liver morphogenesis. These mice harbor endothelial precursors incapable of differentiating into blood vessels and die between E8.5 and E10.5, prior to visceral organ formation (Shalaby et al., 1995) . It was shown that the mutant mice undergo the initial steps of liver development and form a multi-layered liver epithelium. However, liver epithelial cells fail to migrate into the surrounding septum transversum (Matsumoto et al., 2001) .
To exclude the possibility that the observed arrest results from the absence of factors transported by blood, E9.5 liver buds were cultured under conditions that allow vessel formation in the absence of blood circulation. The in vitro growth of liver epithelium was found to be inhibited in explants from mutant mice lacking ECs, when compared with control mice. These experiments therefore show that blood vessels per se are required for liver morphogenesis.
In the other experiment, the growth of liver epithelium was shown to be impaired, when vessel formation was inhibited in wild-type liver buds using the angiogenesis inhibitor NK4. This experiment demonstrates that liver development could also be arrested in explants isolated from embryos that had undergone normal development.
Thus, liver morphogenesis requires the interaction of liver epithelium with blood vessel endothelium.
ECs in pancreatic development
At E8.5-E9.5 of mouse development, ventral and dorsal pancreatic buds develop precisely where endoderm previously contacted the endothelium of the dorsal aorta and two vitelline veins (also called 'omphalomesenteric' veins) (Lammert et al., 2001 ). The dorsal bud and two ventrolateral buds are initially arranged almost symmetrically. However, when the blood vessel system becomes asymmetric at E9.5-E10.5, the symmetric arrangement of the pancreatic buds changes coincidentally. The ventrolateral bud adjacent to the endothelium of the expanding right vitelline vein (or 'portal vein') starts to develop into the permanent ventral pancreas, while the other bud regresses together with the adjacent left vitelline vein. In addition, endocrine cell differentiation in the dorsal bud is detectable adjacent to blood vessel endothelium (Lammert et al., 2001) . Thus, pancreatic and vascular development coincide during embryogenesis (Fig. 1) .
Three sets of experiments demonstrate a role of blood vessel endothelium in pancreatic development (Lammert et al., 2001) . Firstly, recombination of prepatterned dorsal endoderm with aorta endothelium was shown to lead to endocrine pancreatic differentiation, as detected by insulin expression. In addition, some recombinants formed epithelial structures resembling growing pancreatic buds. In contrast, recombination with tissues such as the notochord or neural tube did not induce endocrine cell differentiation or morphological changes. These experiments indicate that ECs induce endocrine differentiation as well as epithelial growth and morphogenesis in prepatterned dorsal endoderm.
Secondly, when EC precursors of the dorsal aorta were removed in frog embryos (Cleaver and Krieg, 1998) , endocrine gene expression was not initiated in pancreatic endoderm, while gene expression in other tissues, such as liver and neural tube, could proceed normally (Lammert et al., 2001) . PDX1 gene expression was detectable in the aortaless embryos, probably as a result of the notochord that had not been removed during the surgery (Cleaver et al., unpublished data) . The results suggest that ECs are specifically required for endocrine pancreatic development.
Using transgenic mice expressing VEGF-A under the control of the PDX1 promoter, EC signals were shown to instruct cells in the foregut to differentiate into pancreatic cells. Excess ECs were attracted to stomach and duodenal epithelium early during mouse development. Ectopic insulin expressing cells, as well as bud-like structures were observed at locations where the epithelium of stomach and duodenum contacted ectopic ECs. This shows that during early embryonic development, ECs can instruct PDX1-expressing foregut epithelium to adapt a pancreatic cell fate. Fig. 1 . Endothelial signals during liver and pancreas development. Liver and pancreas develop from endoderm in a step-wise manner. While cardiac mesoderm patterns the ventral endoderm, the notochord patterns the dorsal endoderm. ECs of the septum transversum and dorsal aorta replace cardiac mesoderm and notochord, respectively. They induce liver morphogenesis in ventral endoderm and endocrine pancreatic development in dorsal endoderm. ECs are likely to participate in organogenesis throughout development.
In conclusion, ECs harbor instructive signals, which induce endocrine pancreatic cell differentiation and morphogenesis in prepatterned foregut endoderm.
ECs in other developing organs
The developing kidney represents another example of EC-driven morphogenesis. In mammals, the kidney develops in three stages: pronephros, mesonephros and metanephros. The permanent kidney develops from the metanephros starting at E10.5 of mouse development and becomes functional after birth. In fish, unlike mammals, the pronephros already serves as an excretory organ during embryonic (larval) development. Because similar cellular interactions take place in all three stages of kidney formation, pronephric development in zebrafish can be used as a model for metanephric kidney morphogenesis.
Zebrafish mutants lacking ECs have been shown not to form a normal pronephric glomerulus (Majumdar and Drummond, 1999) . Recently, zebrafish lacking blood circulation were generated and shown to have a similar defect (Serluca et al., 2002 ). These observations suggest that both ECs and blood circulation are required for kidney morphogenesis.
Specifically, the expression of MMP-2, matrix metalloproteinase-2, in renal ECs was shown to depend on blood flow (Bassiouny et al., 1998; Singhal et al., 1996; Yasuda et al., 1996) . If MMP-2 is inhibited in zebrafish by injection of its inhibitor, tissue inhibitor of metalloproteinase 2 (TIMP-2), glomerulogenesis does not take place, even when blood flow is normal (Serluca et al., 2002) . These data therefore suggest that blood flow induces MMP-2 expression in renal ECs. The endothelial MMP-2, in turn, enables glomerular morphogenetic assembly, possibly by degrading components of the extracellular matrix.
The embryonic blood vessel system
The reports on EC signaling during early development of the liver, pancreas and kidney connect with the role of blood circulation in early organ stages. It can be speculated that the coordinated development of organs and blood vessels offers the opportunity to control organ development and growth Fig. 2 . Organs are connected by blood vessels early during development. On the left, organs are listed, which are already required for the embryonic blood system. Severe defects in such organs result in early embryonic lethality. On the right, organs are listed, which are involved in the adult blood system. Severe defects in such organs result in postnatal lethality. It can be speculated that the early coordinated development of organs and blood vessels offers the opportunity to control organ development and growth systemically, rather than individually for each organ. systemically, rather than individually for each organ (Fig. 2) . Every tissue is connected to the circulatory system and is therefore exposed to the same repertoire of factors present in the blood (including growth factors and hormones).
If blood vessel density were reduced in a particular organ, it is reasonable to predict that its size would be reduced in comparison with the other organs, because its accessibility to blood circulation would be impaired. This hypothesis will have to be tested by using mice with organ-specific mutations in the vascular system, because mice with general circulatory defects die either before or during the onset of organ development (Carmeliet et al., 1996; Ferrara et al., 1996; Shalaby et al., 1995) .
In general, mice die in utero when organs such as heart, liver or placenta are severely affected (Fig. 2, left side) , which is due to their critical role in embryonic circulation. In contrast, mice can live until birth when other organs such as pancreas, lung, or kidney are severely mutated or absent (Fig. 2, right side) . These organs therefore represent useful models for the study of blood vessel-organ interactions.
Endothelial signals in organogenesis
EC signals during organ morphogenesis and organ-specific cell differentiation have not yet been extensively studied. However, signaling molecules are expressed by some, but not all ECs. These molecules include members of the FGF, TGFbeta, Wnt and PDGF family, Notch ligands, Neurotrophins as well as components of the basement membrane (Boyer et al., 1999; Hirschi et al., 1998; Lammert et al., 2000; Leveen et al., 1994; Leventhal et al., 1999; Lyons et al., 1995; Reh et al., 1987; Reissmann et al., 1996; Shah et al., 1996; Wright et al., 1999) . ECs are known to differentiate into blood vessels as a result of signals (such as VEGF-A) from adjacent tissues (Breier et al., 1992) . The following section focuses on EC signals, which have been shown to affect differentiation of the adjacent tissues (Table  1) . The examples support the hypothesis that mutual signaling events occur between developing ECs and epithelia, as proposed recently (Fig. 3) (Lammert et al., 2001) .
A good example of EC signaling to adjacent cells is the formation of additional cell layers around the innermost layer of blood vessels, which always is made up of ECs. The cells of the additional cell layers are called mural cells. These cells are pericytes in capillaries and smooth muscle cells in large vessels. The recruitment and differentiation of mural cells from mesenchymal cells have been previously reviewed (Beck and D'Amore, 1997; Betsholtz et al., 2001) . According to the current model, mural cell specification is induced by transforming growth factor-beta, TGFb, expressed by ECs. Once mural cells are specified, they proliferate and surround the EC layer. Both mural cell proliferation and recruitment are mediated by platelet derived growth factor-BB, PDGF-BB, expressed by ECs. Thus, TGFb and PDGF-BB are endothelial signals that act in concert on adjacent cells in a paracrine manner (Hirschi et al., 1998; Leveen et al., 1994) .
During liver morphogenesis, BMP, in concert with FGF, might constitute some of the signals coming from ECs. Indeed, the phenotype of mouse embryos deficient for BMP4 is similar to the VEGFR2 mutant phenotype in that a multi-layered liver epithelium forms, but hepatocytes fail to delaminate and migrate away from the epithelium (Rossi et al., 2001) . In vitro experiments reveal that FGF8 is similarly required for liver morphogenesis (Jung et al., 1999) . In order to show that BMP and/or FGF actually mediate the Table 1  Endothelial signals   Signaling molecule Effect Reference BMP2, BMP4, BMP7 Autonomic neuronal differentiation of neural crest cells Reissmann et al., 1996; Shah et al., 1996 BDNF Trophic support of neuronal differentiation and migration Leventhal et al., 1999 Laminin-1 Retinal pigmented epithelial cell differentiation to neurons Reh et al., 1987 PDGF-BB Mural cell recruitment and proliferation Leveen et al., 1994; Lindahl et al., 1997 TGFbeta1 Mesenchymal cell specification Hirschi et al., 1997 Fig. 3 . Endothelial-epithelial signaling. Epithelial cells and ECs might codevelop as a result of mutual signaling events between these cell types. ECs differentiate, proliferate and form blood vessels as a response to epithelial factors. In turn, epithelial cells respond to endothelial signals with growth, differentiation and delamination.
endothelial effect on liver morphogenesis, their expression in liver ECs will have to be confirmed. Studies on neural cell differentiation have provided specific examples of EC signals. One study describes neuronal differentiation from retinal pigment epithelium (RPE) in tadpoles, a process that happens in close association with blood vessels. When differentiation of RPE was tested on a variety of endothelial extracellular matrix proteins, differentiation of RPE into neurons was found to be induced by laminin-1 (Reh et al., 1987) . This result is of interest with regard to endocrine pancreatic differentiation, because laminin-1 has been recently shown to increase the development of insulin expressing cells from embryonic pancreatic epithelium in vitro (Jiang et al., 1999) . Thus, laminin-1 might be one of the EC signals involved in the induction of islet cells.
In studies using chick neural crest cells, differentiation of sympathetic neurons was observed to occur in regions immediately adjacent to the dorsal aorta (Groves et al., 1995; Stern et al., 1991) . In vitro experiments demonstrated that isolated aorta tissue can induce sympathetic neuron differentiation of neural crest (Reissmann et al., 1996) . Moreover, BMP2, 4 and 7, which are expressed by aortic endothelial and mesenchymal cells, induce sympathetic neuron differentiation in vitro and in vivo (Reissmann et al., 1996) . Another study on neural crest similarly supported a role of BMPs as endothelial signals (Shah et al., 1996) . In this study, BMP2 was shown to instruct neural crest stem cells to differentiate to autonomic neurons. Thus, BMPs expressed by ECs serve as instructive signals for differentiation of adjacent neural crest cells.
Experiments using the subependymal (or subventricular) zone, rich in neuronal precursors, have been used to study the influence of ECs on neuronal differentiation in the rat brain (Leventhal et al., 1999) . Subependymal zone explants raised on ECs generated more neurons and survived longer, than explants raised on other cell types. The neurotrophic effect was shown to be mediated by brain-derived neurotrophic factor (BDNF), which is produced by ECs. The subgranule zone in the adult hippocampus is another area in the brain, which is known to generate neurons throughout life. It was recently demonstrated that neurogenesis within this subgranule zone occurs within a 'vascular niche' (Palmer et al., 2000) . The majority of precursors proliferate in 'neuroangiogenic' foci, where neuronal, glial and endothelial precursors divide in tight clusters, thus providing histological evidence for a coordinated development of blood vessels and neurons within the adult brain.
In conclusion, a number of different endothelial signals have been described to influence cell differentiation. The observations suggest that ECs actively participate in tissue development by sending signals to the developing tissue.
Conclusions
The reports summarized in this review bring attention to the importance of endothelial signaling during organ formation. Mesenchymal-epithelial interactions have long been known to be critical during organ development. Since mesenchyme is comprised of a heterogeneous population of cells, including ECs, many critical mesenchymal-epithelial interactions could in fact represent endothelial-epithelial interactions (Fig. 3) . Thus, scientists are now challenged to specifically look at the effects of ECs during organ development.
